Introduction
In eukaryotic cells, the nuclear envelope spatially and temporally segregates gene expression into two sequential processes. RNA synthesis and ribosome assembly take place within the nucleus, whereas translation is a cytoplasmic event. Selective nucleocytoplasmic exchange of molecules is mediated by the co-ordinated efforts of distinct soluble proteins and components of the nuclear pore complex (NPC). As discussed in greater detail elsewhere (see Chapter 7 in this volume, by Rout and Aitchison), NPCs are comprised of at least 30 distinct proteins termed nucleoporins, or NUPs. Embedded in the nuclear envelope, these large NPC structures provide an aqueous channel through which transport substrates can navigate. Macromolecules targeted for translocation contain specific consensus sequences referred to as nuclear localization sequences (NLSs) or nuclear export sequences (NESs) depending on the directionality of transport. Individual members of a transport receptor superfamily bind to the respective consensus sites, and accumulating evidence suggests a model in which translocating hetero-oligomeric complexes move through the NPC by transiently associating with particular nucleoporins. Once transported to the opposite face of the NPC, the complex disassembles; the substrates are localized to their sites of action and the transport factors are recycled to undergo continuous rounds of transport.
Signals that direct transport
Nuclear localization is now known to be a signal-driven event. However, notable distinctions exist between the mechanism of nuclear transport and that for protein import across the membranes of the endoplasmic reticulum, the mitochondria and the chloroplasts (see Chapters 1, 5 and 6 in this volume, by Meacock et al., by Schnell, and by Pain et al., respectively). First, nucleocytoplasmic transport is bi-directional in that macromolecules move both into and out of the nucleus. Secondly, proteins transported between the nucleus and cytoplasm are folded in their native and functional conformations; in many other types of organelle transport, unfolded protein substrates interact with transport machinery. Thirdly, in contrast to the cleaved signal sequences that direct proteins to some other subcellular compartments, the signals contained within proteins targeted for nucleocytoplasmic transport are not removed during transit. Fourthly, the NLS and NES signals can be present anywhere within the primary amino acid sequence. In addition, many different NLS and NES signal types have been identified that exhibit a striking and surprising diversity in amino acid composition. These distinct classes of transport signals reflect multiple saturable, non-competing nuclear import and export pathways that are mediated by alternative transport machinery. Finally, recognition of some nuclear-transport signals is regulated during development and in response to environmental stimuli.
Nuclear localization
Following translation in the cytoplasm, proteins are incorporated into specific subcellular compartments. Although proteins smaller than approx. 40 kDa may diffuse passively between the nucleus and cytoplasm, larger macromolecules must be transported actively across the nuclear envelope. In the early 1980s, a short stretch of basic amino acids in the simian virus 40 large T antigen was identified that governs the nuclear localization of this protein and which is sufficient to target an otherwise cytoplasmic protein to the nucleus [1] . This NLS is often referred to as the 'classical' NLS (cNLS; Table  1 ). Interestingly, another class of NLS was coincidentally characterized that is strongly related to the cNLS. Instead of one binding site (monopartite) for the transport receptor, two sites (bipartite) are utilized [2] , presumably to stabilize the interaction between the substrate and the transport machinery [3] . Up to 50% of nuclear proteins contain a bipartite cNLS [2] .
Because the import of certain proteins and U small nuclear ribonucleoprotein particles (snRNPs) does not compete with the cNLS pathway [4] [5] [6] , alternative import pathways were suggested and later shown to exist. A distinct NLS, termed M9, is necessary and sufficient for the nuclear import of het- Table 1 .
Cis-acting transport signals in proteins
References for the transport receptors are given in Table 2 . For arginine-rich NLS (R-NLS), the sequence shown is for HIV-1 Rev, and the underlined sequence is identical to that of the HIV- Crm1/Xpo1/exportin [6] M9 NES hnRNP A1
As for M9 NLS ? [6] erogenous nuclear RNP (hnRNP) protein A1, an mRNA-binding protein [6] . The M9 NLS is considerably longer and bears no primary sequence resemblance to the cNLSs (Table 1) . Interestingly, another mRNA-binding protein, hnRNP K, has two types of NLS: a bipartite cNLS and a novel NLS called KNS [7] ( Table 1) . Each NLS in hnRNP K independently promotes nuclear import. This finding suggests that at least some cellular proteins may access multiple different import pathways. It is important to note that NLSs have not been identified for all nuclear proteins, indicating that additional pathways probably exist for nuclear import. It has long been known that viruses infect cells and subjugate cellular machinery for the purpose of expressing viral gene products, replicating the viral genome and ensuring viral proliferation. By pirating the existing cellular transport pathways, viral proteins accomplish these tasks. Very recently, a novel NLS was reported in the human immunodeficiency virus (HIV)-1 Rev protein as well as the Rex protein of human T-cell leukemia virus type 1 (HTLV-1) [8, 9] . In contrast to the cellular NLSs, these viral sequences are rich in arginines (R-NLS; Table 1 ). It is possible that endogenous cellular proteins also contain this type of NLS.
Nuclear export
More than 10 years after the first report of a NLS, the hunt for NESs revealed a leucine-rich (LR) stretch of eight amino acids in the HIV-1 protein Rev and in the cellular protein, cAMP-activated protein-kinase inhibitor (PKI) [6] . The NES is necessary and sufficient to promote nuclear export. Several groups have since reported the identification of this same LR-NES motif in shuttling (TFIIIA), NPC-associated (yeast Gle1 and Mex67p) and predominantly cytoplasmic [Ran-binding protein 1 (RanBP1)/Yrb1] proteins (Table 1) [4, 6, 10, 11] . Interestingly, the same group that pinned down M9 as an NLS reported that M9 also acts as an NES [6] . Other NLSs, such as the KNS and cNLS, do not confer export activity. This suggests that the same amino acid sequence can endow a single protein with either export or import properties, depending on the environmental context of the protein.
RNA signals
Proteins are not the only molecules that move between the nucleus and the cytoplasm; nuclear export of all classes of RNA and subsequent nuclear import of mature U snRNAs are also signal-mediated events. Moreover, transport of each RNA class (tRNA, rRNA, 5 S rRNA, U snRNA and mRNA) is saturable and appears to require soluble proteinaceous factors [4, 5, 12] . Throughout the transport pathway, RNA is bound by distinct proteins and critical signals for export are predicted to reside on these RNAbinding proteins. This has been demonstrated in studies of the HIV-1 protein Rev, which contains two discrete functional domains: a LR-NES domain and an RNA-binding domain that recognizes a structural motif in the unspliced viral RNA (see Chapter 10 in this volume by Harris and Hope). Export of the viral RNA is dependent on the function of the NES signal in the bound Rev protein. In terms of endogenous cellular RNAs, mRNA is bound by heterogenous nuclear proteins that form the hnRNP, and NES sequences are present in these hnRNP proteins (e.g. hnRNP protein A1 and Npl3p) [6] . Thus export of the mRNA may depend on recognition of signals in the bound proteins, and these proteins effectively serve as adapters for connection to the transport machinery. The same may also be true for export of rRNAs in ribosomal subunit complexes and U snRNPs; although identification of NESs in the respective bound proteins is still under investigation.
In addition to protein-based signals, physical features of RNA molecules themselves also contribute to efficient transport. For example, the export of U snRNAs requires recognition of their monomethylguanosine cap structures [4, 5, 13] . Studies have also suggested that the polyadenylated tail and guanosine cap structures may facilitate the export of mRNAs. The import of U snRNPs is dependent on both the cytoplasmic binding of Sm core proteins and recognition of the modified trimethylguanosine cap structure of the RNA [4, 5, 13] . In general, these RNA signals may ultimately serve as binding sites for adapter proteins harbouring transport signals.
Transport receptors, adapters and Ran
The identification of localization signals strongly suggested that receptors bind to these sequences and direct transport. Furthermore, the unexpected heterogeneity of transport signals indicated that an equally extensive repertoire of receptors also exists. Until recently, identification of the nucleocytoplasmic transport machinery proved difficult. Approaches that combined in vitro protein-import assays and fractionation of cell cytosol identified three soluble proteins that are required for cNLS-mediated nuclear import: an adapter protein (importin-␣/karyopherin ␣/NLS receptor/Srp1/Kap60), a transport receptor (importin-␤/karyopherin ␤1/p97/PTAC97Kap95/Rsl1) and the GTPase Ran (Gsp1p in yeast) [4, 5, [13] [14] [15] [16] . Each protein performs a prototypical function in the import pathway. Subsequent studies have shown that other transport pathways utilize a family of related transport receptors, additional adapter proteins, and a variety of Ran-associated factors.
Transport receptor family
By searching for protein-sequence homology with the first reported transport receptor, importin/karyopherin ␤1, multiple groups described a superfamily of yeast and vertebrate proteins (Table 2) [4, 13, 15, 16] . Completion of the yeast Saccharomyces cerevisiae genome-sequencing project resulted in the definitive identification of 14 proteins in the yeast family. In addition to sequence homology, most have been tested experimentally for function, and shown to facilitate nucleocytoplasmic transport of particular substrates in a signaldependent manner (Table 2 ). All receptors in this family contain three transport-related domains ( Figure 1 ). Each receptor associates with their cognate transport substrates by binding either directly the cis-acting NLS or NES elements, or indirectly via adapter proteins. These substrate-associating domains (Figure 1 ) are not highly related in primary amino acid sequence. This finding is commensurate with these receptors interacting with diverse substrates, ranging from tRNA to proteins with distinct NLSs and NESs (Table 2) . Overall, the transport of different classes of nuclear proteins by different pathways can be defined by the identity of the transport receptor involved.
Docking of the transport substrates-receptor complexes at the NPC and navigation through the portal is presumably governed by transient interactions with nucleoporins (see Chapter 7 in this volume) [17, 18] . Such interactions are achieved, at least in part, by the transport receptors through their nucleoporinassociating domain(s) (Figure 1 ). Finally, both import and export processes utilize the GTPase Ran (see below) [14] , presumably by direct binding of Ran to nucleoporins and to the transport receptors (Figure 1) . Interestingly, despite the fact that there are three domains common to all transport receptors, two functionally distinct classes of receptor have emerged: those that promote nuclear import and those that promote nuclear export (Table 2) .
Adapters
Adapters are defined as proteins that bridge the interaction between transport substrate and receptor. Adapters can also be formally considered transport substrates; however, they shuttle continuously between the nuclear and cytoplasmic compartments. The archetypal adapter in the protein-import pathway is importin/karyopherin ␣1 [3, 16] . Importin/karyopherin ␣1 has at Adapter/substratebinding domain least three functional domains; one that interacts directly with proteins containing cNLS signals, another that interacts for import with the transport receptor importin/karyopherin ␤1, and an NES region [3, 5, 13] . The minimal 41-amino-acid region of importin/karyopherin ␣1 that is required for importin/karyopherin ␤1 binding (termed the IBB region) acts as an NLS [13, 16] . Fusion of the IBB to a heterologous protein is sufficient for nuclear import. Interestingly, some importin/karyopherin ␤1 import substrates interact directly with the ␤ subunit (e.g. [8, 9] ), and other import receptors also interact directly with the transport substrate (Table 2) . Therefore, in multiple transport pathways the requirement for such adapters is bypassed. The small GTPase Ran cycles between GTP-and GDP-bound forms; however, its intrinsic GTPase activity is low. RanGAP and RanBP1 are two Ran accessory proteins that stimulate GTP hydrolysis to yield Ran-GDP, and they are localized in the cytoplasm. The Ran guanine nucleotide-exchange factor, RanGEF, binds to chromatin, and is restricted to the nucleus. Because the concentration of GTP is considerably greater than that of GDP in the cell, RanGEF primarily promotes the exchange of Ran-GDP to Ran-GTP. Based on the subcellular localization of these effector proteins, Ran is predicted to be in the GTP-bound form in the nucleus and in the GDP-bound form in the cytoplasm. The relatively simple model of importin/karyopherin ␣1 acting as an adapter between cNLS substrates and importin/karyopherin ␤1 may be elaborated further to include multiple layers of adapters. For endogenous mRNA, the hnRNP proteins are likely candidates for adapters. However, an export receptor for the M9 NES in hnRNP A1 has not been reported. It is possible that the receptor for the M9 NES may in effect be an adapter with a distinct NES, and recognition of the adapter's NES could direct export. These additional layers of adapters may be required to facilitate NPC interactions. For example, two LR-NES-containing factors have been identified in yeast (Gle1 and Mex67) that interact with nucleoporins and are required for mRNA export [10, 11] .
Ran and Ran-binding proteins
Ran is a small GTPase, belonging to the Ras superfamily, that is essential for nucleocytoplasmic translocation [12, 14, 16] . Although intrinsic GTPase activity is low, Ran alternates between the GTP-bound and GDP-bound forms when activated by effector proteins. Binding of two cytoplasmic proteins, RanGTPase-activating protein (RanGAP) and RanBP1, stimulates GTP hydrolysis 100 000-fold. In contrast, the nuclear protein RCC1, a Ran guanine nucleotideexchange factor, or RanGEF, catalyses the conversion of Ran-GDP into Ran-GTP (Figure 2 ). The differential subcellular distribution of these critical regulators suggests strongly that cytoplasmic Ran is mainly in the GDP-bound form, whereas nucleoplasmic Ran is maintained in the GTP-bound state (Figure 2 ). Nuclear Ran-GTP is utilized in both the import and export pathways, and treatments that diminish the concentration of nuclear Ran-GTP inhibit nucleocytoplasmic transport [12, 14] . These effects are probably mediated by Ran-GTP binding to transport receptors. Ran-GTP binding to importin/karyopherin ␤1 at the nucleoplasmic face of the NPC is considered one of the last steps in cNLS-mediated import (Figure 3) [4, 5, 13, 16] . In contrast, nuclear association of Ran-GTP with several of the export receptors and their cognate substrates may promote export through the NPC (see below).
Nucleocytoplasmic transport models
Precisely how substrates, transport receptors, adapters, Ran and Ran-binding proteins interact to promote nucleocytoplasmic movement is under intense investigation. Transport in either direction proceeds by an ordered, multi-step process. First, substrates interact with transport receptors, either directly or indirectly, through adapter proteins. Secondly, to gain access to either the cytoplasm or nucleoplasm, transport complexes must dock at the NPC and then move through the portal. Finally, once transported to their destination, receptor-substrate complexes disassemble, and transport factors are recycled back to the former compartment. A combination of all the factors described in Import of a cNLS-containing protein begins with the association between the adapter protein, importin/karyopherin ␣1 (␣1), and the substrate (step 1). The transport receptor importin/karyopherin ␤1 (␤1) binds to the adapter, and docks at the NPC via interactions with specific nucleoporins (steps 2 and 3). The transport complex moves through the portal in an energy-dependent manner. Once at the nucleoplasmic face of the NPC, nuclear Ran-GTP binds to importin/karyopherin ␤1 (step 4). This association releases the cNLS substrate-adapter dimer into the nucleoplasm, and importin/karyopherin ␤1 exits the nucleus, presumably associated with Ran-GTP (step 5). By an unknown mechanism, importin/karyopherin ␣1 and the cNLS-containing protein dissociate; the substrate is localized to its site of action and importin/karyopherin ␣1 becomes a substrate for nuclear export (step 6). A distinct transport receptor, CAS in vertebrate cells, binds simultaneously to importin/karyopherin ␣1 and Ran-GTP (step 7). The trimeric complex docks at the NPC (step 8), and moves through it. At the cytoplasmic face, the complex is most likely disassembled by the conversion of Ran-GTP into Ran-GDP (step 9; see also Figure  2 ). In the cytoplasm importin/karyopherin ␣1 is free to initiate another round of import and CAS is recycled back to the nucleus (step 10). The function of Ran-GDP in the cytoplasm is not clear. Ran-GDP is targeted to the cytoplasmic fibrils of the NPC, and associates with a small protein, nuclear transport factor 2 (NTF2) (step 11). NTF2 may shuttle Ran back to the nucleus and/or help stabilize import-complex formation/translocation [16] . the previous sections are utilized during nuclear transport. Here we will consider the import of a cNLS-containing substrate, and the subsequent export of the adapter protein, importin/karyopherin ␣1 (Figure 3 ).
cNLS import and recycling of importin/karyopherin ␣1 through the NPC In the cytoplasm, importin/karyopherin ␣1 binds directly to both the substrate cNLS and the transport receptor importin/karyopherin ␤1 [3, 16] . This heterotrimeric complex docks at filaments on the cytoplasmic face of the NPC by direct interaction of the transport receptor with a subset of nucleoporins (see Chapter 7 in this volume). Once docked, the trimeric complex moves through the central channel of the NPC to the nuclear face. This represents a distance of up to 500 Å or more. The mechanism for how this distance is crossed is unresolved.
Macromolecules without an NLS diffuse passively through the NPC at rates inversely proportional to their mass, reflecting size restrictions of the channel [4] . In contrast, the transport receptor complexes are actively translocated without regard to size. Most models for NPC translocation have proposed some type of facilitated diffusion of the receptor complex that is mediated by association and disassociation with particular nucleoporins [19] . Based on recent studies of nucleoporin substructural localization, there are potential receptor-binding sites located throughout the pore channel [18, 19] . How the transport receptor-nucleoporin binding events result in propulsion through the channel is unknown. A series of binding reactions with graded affinities along nucleoporin 'tracks' seems unlikely given the symmetrical localization of most nucleoporins and the shuttling properties of the transport receptors [16, 19] . The vectorality for Ran-GDP/GTP (Figure 2 ) may play a key role (see below). Studies analysing the mechanism of movement are of upmost importance.
After movement through the pore channel, the nucleoplasmic NPC face serves as the release site for import complexes. Binding of nuclear Ran-GTP to importin/karyopherin ␤ disrupts the interaction with importin/karyopherin ␣1 [4, 5, 15, 16] . Both importin/karyopherin ␤1 and importin/karyopherin ␣1 are then recycled back to the cytoplasm to support additional rounds of nuclear import. It is unclear how importin/karyopherin ␤ moves back to the cytoplasm. Interestingly, a distinct transport receptor, termed CAS, binds importin/karyopherin ␣1 and Ran-GTP simultaneously and mediates importin/karyopherin ␣ export (Figure 3 ) [20] . Studies in vitro demonstrate that CAS associates with a unique set of nucleoporins and, similar to the import pathway, it is thought that the export complexes move through the NPC by association with nucleoporins. Upon reaching the cytoplasmic NPC face, the putative ternary export complex (importin/karyopherin ␣1-CAS-Ran-GTP) is disassembled by the conversion of Ran-GTP into Ran-GDP (Figure 3 ) [20] . GTP hydrolysis is stimulated by the cytoplasmic pres-ence of RanGAP and RanBP1. The low affinity of CAS for Ran-GDP effectively prevents importin/karyopherin ␣1 complex formation and substrate reimport is minimized. CAS must then promote its own recycling back to the nucleus.
The shuttling of importin/karyopherin ␣1 illustrates the phenomenal interdependency of the import and export pathways. Perturbations that disrupt the export of importin/karyopherin ␣1 will have a direct negative impact on the import of cNLS-containing proteins. Because so many nuclear proteins utilize the cNLS for localization, a wide-range of cellular functions will be disturbed. Indeed, mutations in the gene encoding the S. cerevisiae yeast homologue of CAS, Cse1p, result in nuclear accumulation of importin/karyopherin ␣1 and defects in mRNA export [21] . One explanation is that importin/karyopherin ␣1 is not available in the cytoplasm to import essential mRNA export factors that utilize the cNLS import pathway. Alternatively, Cse1p could be involved directly in mRNA export. It is important to distinguish primary and secondary effects of disrupting particular transport pathways.
Directionality and energetics
A major question in the field of nuclear transport is how a substrate is transported preferentially in one direction. All available data suggest that transport receptors are restricted to promoting substrate translocation in one direction only. For example, transportin binds the M9 NLS in cytoplasmic hnRNP A1 to promote import. However, transportin does not appear to export the shuttling hnRNP A1, despite the finding that the same M9 sequence can be utilized for translocation in both directions [5] . Therefore, the specificity of the receptor for a given signal is a key determining event in targeting a substrate for import or export.
Recently, a number of studies have documented that localization signals, and therefore transport receptor binding, can be regulated in response to developmental or environmentally stimulated signalling pathways. This is nicely illustrated with the yeast transcription factor Pho4. Pho4 is differentially phosphorylated in response to levels of environmental phosphate, and the protein-phosphorylation state correlates with the direction of nuclear transport [22] . Specifically, under phosphate-starvation conditions, unphosphorylated Pho4 has a high binding affinity for a cytoplasmic transport receptor (Pse1/Kap121) that results in nuclear import and transcriptional activation [22] . When environmental phosphate is readily available, nuclear Pho4 is specifically phosphorylated, resulting in recognition by a distinct export receptor (Msn5) and subsequent localization to the cytoplasm. Importantly, cytoplasmic Pse1/Kap121 does not bind to phosphorylated Pho4, and therefore the substrate is not re-imported. Thus the direction of transport can be regulated.
The compartment-specific Ran-GTP/GDP gradient plays a major role in controlling directionality [14, 16] . Import complexes are assembled in the cytoplasm in the presence of Ran-GDP, and are disassembled in the nucleus in response to Ran-GTP. In contrast, nuclear Ran-GTP binding stabilizes export complexes, and hydrolysis to GDP in the cytoplasm results in cargo release. Some have argued that the Ran-GTP-based vectorality is sufficient for directionality; however, not all nuclear-transport pathways require Ran [16] . The architecture of the NPC may also play a role in directionality [19] . The cytoplasmic and nucleoplasmic faces of the NPC are markedly different structurally. Peripheral filaments protrude outward from the cytoplasmic face, whereas the filaments on the nucleoplasmic face are organized into an elaborate basketlike structure. Moreover, the nucleoporin composition of the cytoplasmic filaments and nucleoplasmic basket is unique [19] .
It is widely accepted that energy is required for nucleocytoplasmic transport [4, 16] . However, identifying the source of this energy has proved quite challenging. Experiments demonstrating that Ran and GTP are required for nuclear import led to the suggestion that Ran-GTP hydrolysis might fuel nuclear transport [14] . However, translocation through the NPC does not require hydrolysis of any nucleotide triphosphate, and the energy derived from GTP hydrolysis by Ran is not required for movement [16] . Transport pathways that do not utilize Ran, possibly mRNA export, may have even more complex energetic requirements.
Conclusions and future directions
Although the wealth of known signals, receptors, adapters and accessory proteins required for nucleocytoplasmic translocation is impressive, many issues need to be investigated further. Pinpointing any energy source(s) required during NPC translocation, determining additional contributions of Ran and unravelling the mechanism for movement through the NPC channel are of high priority.
It is very likely that distinct transport pathways utilizing uncharacterized signals and receptors exist. At present, only one importin/karyopherin ␣1 homologue has been identified in yeast, whereas five homologous vertebrate proteins have been reported [15, 16] . It is not known if the 5-fold expansion in ␣s will reflect the same amount of diversity of ␤s in vertebrate cells, or if selective vertebrate transport is achieved through a variety of specialized adapter proteins that recognize a wide range of unique NLSs and/or NESs.
Compared with protein transport, very little is known about mRNA and ribosomal-subunit nuclear export. These pathways involve transporting large hetero-oligomeric substrates that must navigate through the NPC. For example, mRNA associates with at least 20 hnRNP proteins, and several exit the nucleus with the mature transcript. Likewise, 49 large ribosomal proteins with three rRNAs and 33 small ribosomal proteins with one rRNA associate to form the exiting ribosomal subunits. These types of transport may be mechanistically distinct from that for monomeric polypeptides. Efforts during the next few years will be focused on refining further our understanding of this essential cellular process. 
Summary

